Elucidating the structures of intermediates in the reduction of O 2 to water by cytochrome c oxidase is crucial to understanding both oxygen activation and proton pumping by the enzyme. In the work here, the reaction of O 2 with the mixed-valence enzyme, in which only heme a 3 and Cu B in the binuclear center are reduced, has been followed by time-resolved resonance Raman spectroscopy. The results show that OAO bond cleavage occurs within the first 200 s after reaction initiation; the presence of a uniquely stable FeOOOO(H) peroxy species is not detected. The product of this rapid reaction is a heme a 3 oxoferryl (Fe IV AO) species, which requires that an electron donor in addition to heme a 3 and Cu B must be involved. The available evidence suggests that the additional donor is an amino acid side chain. Recent crystallographic data [Yoshikawa, S., Shinzawa-Itoh, K., Nakashima, R., Yaono, R., Yamashita, E. 
The molecular mechanism of dioxygen activation and reduction by the terminal respiratory enzyme, cytochrome c oxidase (CcO), is accessible because of its unique kinetic properties. Elucidation of this mechanism is of fundamental importance in understanding O 2 chemistry in biological systems and necessary for insight into the function of the protein as a redox-linked proton pump. CcO uses four redox-active metal centers, Cu A , heme a, and the heme a 3 ͞Cu B binuclear center, to sustain mitochondrial electron transport by reducing molecular oxygen to water. This reaction ensures a constant flow of electrons through the respiratory chain and the coupled generation of a proton gradient across the mitochondrial membrane, which is required for ATP synthesis. The oxygen chemistry catalyzed by CcO contributes directly to the build-up of the proton gradient because of its redox-linked proton pumping function (1) . Thus, the overall reaction catalyzed by CcO may be written as
where H in ϩ and H out ϩ indicate protons on the matrix (in) and cytosolic (out) sides of the membrane. Because its reaction kinetics is controlled by its proton-pumping function, unique insights into oxygen activation mechanisms are possible (2, 3) .
A number of reaction intermediates in dioxygen reduction have been identified recently (3, 4) . Nonetheless, the timing and mechanism of the critical OAO bond cleavage process in the heme a 3 ͞Cu B binuclear center and the structure of a key intermediate at the peroxy level are poorly understood. In one model, a heme-peroxy adduct [Fe a3 III OOOO(H)] is uniquely stable (2, 3, (5) (6) (7) (8) . This model contrasts with peroxidases (9) and catalases (10) , in which the peroxy OOO bond is spontaneously cleaved to yield an oxoferryl (Fe IV AO) product and a radical. Recent Raman work on the reaction of CcO with H 2 O 2 provided an alternative view of the peroxy species that is more in line with the catalase͞peroxidase mechanism because it showed the occurrence of an oxoferryl heme ( FeAO ϭ 804 cm Ϫ1 ) at the peroxy oxidation level (11, 12) . Although this observation is in agreement with optical absorption and MCD data (13) (14) (15) , the assignment of an OOO bond-cleaved species in the formal peroxy intermediate is the subject of considerable debate (3, 4, 7, 8) .
CcO catalyzes several different reactions with O 2 and H 2 O 2 that share some or all intermediate steps. Mixed-valence CcO (MV-CcO) is a two-electron reduced form of the enzyme that carries out O 2 reduction only to the controversial peroxy oxidation level (3, 16, 17) . The final product of this reaction exhibits a characteristic difference optical absorption spectrum (2) (3) (4) . † This intermediate is clearly linked to the proton pump function because it has been shown to appear on reversal of the forward reaction in energized mitochondria (22) . Determining the structure of the product of the MV-CcO͞O 2 reaction will resolve controversial aspects of the oxygen activation mechanism and provide a structural basis for formulating molecular mechanisms of the pump. In the experiments reported here, we have used time-resolved resonance Raman techniques to address these issues.
The Time-Resolved Pump-Probe Raman Spectroscopy. The experimental apparatus that was used for resonance Raman measurements is illustrated in Fig. 1 . Two gas-tight syringes containing equal amounts of MV-CcOOCO and O 2 -saturated sodium phosphate buffer were driven by the infusion pump at a rate of 110 l͞min and combined in an active mixer (unpublished). The mixing point and the interconnecting lines were enclosed in a jacket, through which a solution thermostated at 20 Ϯ 1°C was circulated. The reaction mixture was delivered to the rectangular quartz flow cell (cross section 0.2 ϫ 1.0 mm) directly attached to the mixer body. The estimated volume between the beginning of mixing and the sample point was 6 Ϯ 2 L.
The excitation laser beams were focused with an L1 lens at the flow cell to a diameter of Ϸ100 m, the scattering volume was 1.0-mm long, and the laser repetition was 25Hz. The reaction of MV-CcO with oxygen was initiated by CO photolysis with 500-J, 10-ns pulses of 595 nm light. Raman scattering at a desired delay time was excited with 30-J pulses at 416 nm; the delay was controlled by a digital delay generator. Scattered light was collected in a 90 o geometry by using a 50-mm F1.1 camera lens (L2). The notch filter was used to reject the excitation wavelength and the short-pass filter to reject scattered light from the photolysis pulse. The light selected by the filter combination was focused at the entrance slit (spectral slit width of 9 cm Ϫ1 ) of the polychromator with the L3 lens. The polychromator (Instruments S.A., Edison, NJ, Spex model 500M) was equipped with a 1024 ϫ 256 CCD detector (Spex, model Spectrum1); the depolarizer was used to nullify the polarization sensitivity of the detector.
Spectral Measurements. The Raman spectrum of CcO at 10 ns after photolysis of CO in the presence of oxygen was collected for several minutes immediately before and after each accumulation at a desired delay time to ascertain that the reacting form of the enzyme was the mixed-valence species. The high-frequency region of the spectrum (Fig. 2a) exhibited characteristic modes at 1467 cm Ϫ1 and 1368 cm
Ϫ1
, indicative of ferric heme a. On the other hand, the spectrum of the fully reduced CcO immediately after photolysis of CO (Fig. 2b) , which are absent in the spectrum of MV-CcO. Optical absorption spectra of the sample recorded before the Raman measurement showed absorption maxima at 432 nm and 592 nm that are indicative of MV-CcOOCO complex. The shape of the absorption spectrum at 444 nm and 605 nm showed no indication of the presence of the fully reduced CcO. Separate difference absorption measurements, vs. resting enzyme, showed compound C as the sole product of aerobic oxidation of our MV-CcOOCO samples. These observations exclude detectable contamination of the starting MV-CcO with fully reduced CcO.
Time-resolved spectra of 16 O 2 and
18
O 2 derivatives of MV-CcO were measured in 210-min periods in alternating order. Measurements were repeated by using independent sample preparations of the enzyme for each delay time. Data processing and analysis were carried out by using XDSOFT (by D.P.) and ORIGIN 5.0 (Microcal Software, Northampton, MA) programs for the IBM personal computer.
RESULTS

16
O 2 ͞ 18 O 2 Raman difference spectra at various times during the reaction of MV-CcO with dioxygen are shown in Fig. 3 (11, 12, 23) .
A third oxygen vibration is observed at 358͞340 cm O derivatives in the 400-s spectrum. A weak signal at these frequencies can be recognized at 200 s but not at earlier times. This mode has been observed previously in other reactions of CcO (12, (23) (24) (25) , but its molecular origin is unclear. It was suggested to arise either from the FeOO stretching mode of a peroxy intermediate (FeOOOOOH) (24) or from the FeAO-bending motion of a oxoferryl structure at the peroxy oxidation level (12, 25) . The low intensity of the 358-cm Ϫ1 mode (Fig. 3 ) precludes a quantitative analysis of its temporal behavior in this work. However, from visual inspection of our data, the 358-cm Ϫ1 band does not develop before the 804-cm Ϫ1 band, which suggests that it does not arise from a FeOOO(H) structure. The temporal behavior of the oxy (568 cm
Ϫ1
) and oxoferryl (804 cm
) species, normalized to the porphyrin 7 mode, is shown in Fig. 4 . Because no other intermediates were substantially populated between the decay of the oxy species and the rise of the oxoferryl, the reaction of MV-CcO with O 2 was modeled as two sequential irreversible steps:
[2]
Experimental profiles for the 568-cm Ϫ1 and 804-cm 
DISCUSSION
Mechanism of the OAO Bond Cleavage. The point at which the OOO bond is cleaved during the CcO reaction cycle has been a matter of considerable debate. The rapid formation of the oxoferryl species during the MV-CcO͞O 2 reaction in Fig. 3 addresses this issue and demonstrates that bond cleavage takes place when only two reducing equivalents are added to the enzyme. For this to occur, one additional electron must be donated by the enzyme. In peroxidases (9) and catalases (10), the source of this electron is often the heme macrocycle. This does not occur in CcO, however, because neither optical (13) (14) (15) nor Raman (12) spectroscopy support the formation of a porphyrin -cation radical. Oxidation of heme iron from Fe a3 IV to Fe a3 V has been proposed recently (4, 25) , but this possibility is unprecedented among heme enzymes, and evidence to support it has not been reported so far. A third potential source of the additional reducing equivalent is Cu B , which could be oxidized to the ϩ3 valence state. The occurrence of trivalent copper has been demonstrated in model compounds (27, 28) but has not been observed in copper-containing proteins. Thus, oxidation of an amino acid residue to a radical, as in cytochrome c peroxidase (9) and prostaglandin H synthase (29) , is the most likely possibility.
Tyr244 (in beef heart enzyme nomenclature; Tyr288 in Rhodobacter sphaeroides and Tyr280 in Paracoccus denitrificans) is a strong candidate for the redox-active residue. It is located in the immediate vicinity of the binuclear center (6, 30) , within hydrogen-bonding distance of heme a 3 -ligated O 2 , and is conserved among several types of oxidases (31) . Its likely function as a hydrogen atom donor during OOO bond cleavage has been strengthened considerably by the recent finding (59) of a crosslink between it and His240 in the mammalian enzyme and of the analogous cross-link in the bacterial enzyme (32) . The covalent linkage will modulate the redox potential, the bond dissociation energy, and the pK a of the tyrosine OOH, as occurs for the redox-active, covalently cross-linked tyrosine residue in galactose oxidase (33, 34) , to produce important energetic consequences (see below).
With the postulated hydrogen atom transfer function for the cross-linked HisOTyr structure, the molecular events at the binuclear center upon dioxygen binding and OAO bond cleavage are summarized in Fig. 5 . After transient ligation to Cu B 1ϩ in the reduced binuclear center (Fig. 5a ), molecular oxygen binds to the heme to produce the spectroscopically detectable FeOO 2 intermediate (Fig. 5b) . Subsequent electron transfer from Cu B 1ϩ produces a transient peroxy species (Fig. 5c) , which may bind to the positively charged Cu B 2ϩ to maintain electroneutrality and to preserve bond order. The peroxy species, however, does not accumulate to detectable levels; rather it rapidly abstracts a hydrogen atom from the nearby Tyr244 (Fig. 5d) . At the same time, the OOO bond cleaves in a concerted manner, the distal oxygen forms the hydroxyl bound to Cu B 2ϩ , while the proximal Following the bond cleavage process, the binuclear center relaxes to the stable oxoferryl intermediate (Fig. 5e) , with characteristic vibration at FeAO ϭ 804 cm
Ϫ1
, that has been detected here in the MV-CcO͞O 2 and previously in the oxidized CcO͞ . The assignment of this mode to the Cu B OOH structure, which is resonance enhanced via absorption by the Cu B (OH)OHisOTyr system, is currently under consideration. We conclude that the final tyrosine radical͞oxoferryl species in Fig. 5e is the chemical structure of the stable intermediate referred to as P. † In Fig. 5 , Cu B is in its cupric state in the final product (Fig. 5e ) of the MV-CcO͞O 2 reaction and the HisOTyr structure exists as a free radical, yet neither is detectable by EPR (16) . The oxoferryl species will most likely occur in its low-spin S ϭ 1 state in the stable product and also be undetectable by conventional, perpendicular mode EPR. The absence of EPR signals from the S ϭ 1 ⁄2 Cu B 2ϩ and the S ϭ 1 ⁄2 Tyr244 radical can be attributed to spin-coupling between the two species that is mediated by the ligated, cross-linked His240. The spin-coupling may also serve to delocalize the oxidizing equivalent, which is shown in Fig. 5 as Tyr244•, so that the Cu B species assumes partial ϩ3 character. In this regard, the structure in (Fig. 5e) can be considered as one resonance form of a more delocalized electronic system that involves Cu B , His240, and Tyr244. Interestingly, formation of 7% of a radical species in the reaction of oxidized CcO with H 2 O 2 has been reported for some conditions recently (15) , which may represent partial uncoupling of the Cu B ͞Tyr244 system.
The formation of the hydroxyl at the binuclear center in Fig. 5 requires the addition of a proton, which is provided by the tyrosine during the OOO bond cleavage chemistry. This residue is likely to remain oxidized as a deprotonated neutral tyrosyl radical until arrival of the third electron, which is not available when the reaction is started with MV-CcO. In fact, it has been shown that dioxygen chemistry in CcO up to the peroxy oxidation level does not involve charge uptake or release to bulk medium (35) . Thus, neither is another proton taken up from bulk solution to form water, nor is the hydroxyl anion released from the binuclear center at the peroxy level.
Analogies Between Oxygen Evolution and Respiration. The mechanism in Fig. 5 has striking analogies to a recent proposal for the OOO bond forming step in photosynthesis (36) . In the photosynthetic system, the key elements are two terminal Mn ions at the open ends of a C-shaped (Mn) 4 cluster, a tyrosyl radical, and Mn-bound substrate oxo and hydroxo groups. In the postulated bond-forming step, the tyrosyl radical abstracts the hydroxo hydrogen in a concerted process in which the OOO bond of a transient peroxo species forms:
The proposed photosynthetic process is the exact reverse of that shown for oxidase in Fig. 5 because two bonds (MnAO and OOH Ϫ ) are broken and two bonds (OOO and HOO tyr ) are formed. The spatial disposition of the product species in photosystem II-the two Mn ions, the transient peroxy intermediate, and the tyrosine phenol side chain-are essentially identical to that of the reacting Cu B , heme a 3 iron, transient peroxy species, and tyrosine side chain shown in Fig. 5 . As in photosystem II, the concerted bond-cleavage process in the binuclear center in MVCcO is electroneutral and proceeds without significant development of charge. Accordingly, we expect that it will proceed with low overall activation energy, consistent with the facile low temperature formation of compound C (18, 37) .
The analogy to photosystem II provides a basis for understanding why oxidase uses a modified tyrosine to carry out the chemistry shown in Fig. 5 . To abstract hydrogen from a Mn-bound hydroxyl requires that the redox potential of the tyrosine be sufficiently high to drive the process (Eq. 3). To reverse this, as in Fig. 5 , so that the tyrosine functions as a hydrogen atom donor, requires that the potential of its phenol headgroup be lowered sufficiently to allow the reaction to proceed spontaneously. Electron transfer to the product HisOTyr• species will be used subsequently to drive proton translocation, however, which demands that the bond-cleaving reaction not be too strongly driven. The use of a cross-linked tyrosine, which is expected to reduce the potential of the radical only modestly from that of the unmodified residue, looks to be an efficient strategy by which to accomplish this.
Oxygen Intermediates and the H ؉ -Pump. The final product of the reaction between MV-CcO and dioxygen shown in Fig. 5e was first observed by Chance and coworkers (18) and called compound C. Its optical properties match closely those of the ''607 nm'' form of the enzyme that occurs in the oxidized CcO͞H 2 O 2 reaction (12, 13, 19, 20, 23, 38, 39) and the peroxy species, also called P, that is formed by reversed electron transfer through the enzyme (21, 22) . In earlier work by Proshlyakov et al. (11, 12) , an oxoferryl structure ( FeAO ϭ 804 cm
) was assigned to the ''607 nm'' species formed as the initial intermediate in the oxidized CcO͞H 2 O 2 reaction, although this assignment has been disputed, as noted above. The results in Fig. 3 for the MV-CcO͞O 2 reaction are consistent with those from the oxidized CcO͞H 2 O 2 work (11, 12) and strongly support the assignment of the bond-cleaved structure to P as shown in Fig. 5 . In the oxidized CcO͞H 2 O 2 reaction, P is followed by a species, † F, that also has an oxoferryl structure (12, 23) ( FeAO ϭ 785 cm
). An intermediate with optical properties similar to those of F in the oxidized CcO͞H 2 O 2 reaction (12, 13, 19, 20, 23, 38, 39) has been detected by reversed electron transfer through oxidase, (21) and an analogous species can be observed during the reduction of O 2 by fully reduced CcO (2, 3).
Wikström (40) has shown that the steps preceding the formation of P in cytochrome oxidase are not linked to the proton pump. Rather, the one electron redox transitions, P 3 F and F 3 oxidized enzyme, are each coupled to the translocation of two protons. Within the context of Fig. 5 , the reaction chemistry can be understood as involving two basic reactions in series. In the first, O 2 binds and the OOO bond is cleaved to produce two highly oxidizing species, the Cu B 2ϩ
OHis240OTyr244 radical center and the oxoferryl heme a 3 species. With the bond cleavage chemistry complete, the two subsequent electron transfers are then used to drive the pumping process. Earlier mechanistic and thermodynamic considerations had shown that the committed step in oxidase catalysis involves the formation of the P intermediate. The steps before this reaction proceed with little driving force so that P formation essentially traps the O 2 substrate (2, 7) . A similar conclusion is reached in reversed electron flow experiments (40) . Oxidized CcO can be converted to P under strongly oxidizing conditions, but the reaction cycle cannot be reversed further, indicating that the formation of P is irreversible. With the formulation of P as the bond-cleaved, radical-containing structure in Fig. 5 , we can now associate irreversibility in the oxidase mechanism with the rupture of the OOO bond. Moreover, two fully reduced oxygen species, oxo and hydroxo, are formed as products, preventing dissociation of partially reduced oxygen species from the enzyme and avoiding potential cytotoxicity of respiration (2) .
Differences Between P and F. The mechanism proposed here for OOO bond cleavage and subsequent proton pumping stipulates that both P and F have Fe IV AO structure at the a 3 site. Despite this structural similarity, P and F have distinct optical absorption properties (12, 13, 19-21, 23, 38, 39) . The absorption difference spectrum of P, relative to the resting CcO, shows a maximum at 607 nm, whereas that of F has a maximum in the 580-nm region and is considerably broader (12, 19, 20, 22, 38, 41) ; its extinction coefficient is less by Ϸ7 mM Ϫ1 cm Ϫ1 than that of P (21) . The extinction coefficient difference may be overestimated somewhat, however, because the calculated spectrum of F (21) does not match that observed experimentally (12, 19, 20, 22, 38, 41) , particularly as a characteristic band at 530 nm and a trough at 660 nm are missing. These optical differences have been used to argue that P and F must differ structurally at the heme a 3 site (7).
Several observations, however, compromise this conclusion. Although there has been little model compound work done on oxoferryl heme species, we can gain some insight into the variability of the optical properties of oxoferryl hemes by considering the class of ferryl intermediates that occurs as compounds II in peroxidase catalysis. Table 1 summarizes data on several oxoferryl species that provide insight into the influence of the local protein environment on their optical properties. The spectral parameters of P and F in CcO also are included. This compilation shows that the optical properties of heme Fe IV AO are sensitive functions of the structure of the macrocycle, of the basicity of the endogenous axial ligand, and of the hydrogen bonding status of the oxo oxygen. The data for myeloperoxidase show, for example, that a hydrogen bond, present at pH 7 and absent at pH 11, can shift max by 7 nm and alter by 7 mM Ϫ1 cm
. Species spectrally similar to P and F of mammalian aa 3 -type oxidase also are developed by bacterial bo 3 -type quinol oxidase (52) . Their difference absorption spectra are Ϸ25 nm blue shifted from those of bovine CcO, which brings them within range of the other histidine-ligated protoheme compounds in Table 1 . Their absolute spectra, however, cannot yet be reliably estimated.
The extinction coefficient of P at its red absorption maximum,
, is within the range of other oxoferryl heme chromophores, consistent with our structural interpretation of P in Fig. 5 . For F, however, its peak extinction is less than that for other oxoferryl species, despite its unequivocal assignment as an Fe IV AO species. The most likely rationale for the depressed extinction coefficient of F is that its reported wavelength maximum varies between 575 and 585 nm (19, 23, 38, 39, 53) , suggesting that different forms of F exist. The origin of this variation may lie in heterogeneous hydrogen bonding and͞or proximal base interactions, which broaden the observed spectrum and diminish the peak extinction coefficient.
Both electronic and structural factors are likely to contribute to the difference between P and F in absorption maxima. The Cu B OHis240OTyr244• structure postulated in P is likely to absorb in the visible region (33, 34) . Its reduction to form F will quench this absorption. Thus, the possibility of an electronic interaction between the metal͞radical chromophore and heme a 3 exists uniquely for P. Given the proximity of the Cu B OHis240OTyr244• species to a 3 , we expect that a measurable perturbation to the heme a 3 optical spectrum exists for P that is absent in F.
The electronic effects of the radical site are likely to be complemented by axial ligation effects because the observed FeAO stretching frequency is considerably different in the two intermediates. For P, FeAO ϭ 804 cm
, whereas for F, FeAO ϭ 785 cm
. Both distal and proximal effects can contribute to these frequency shifts and each will modulate absorption properties. The presence of a weak hydrogen bond between the oxo oxygen and the distal site has been demonstrated for P (11) , which is shown in Fig. 5 as originating from the Cu B 2ϩ hydroxo ligand. The decrease in Fe AO in F suggests formation of a second hydrogen bond to the bound oxo as the hydrogen bond network in the binuclear center rearranges during the P 3 F transition. Uptake of a proton from solution (35) and the protonation of Tyr244 upon this transition is most probably the source for this additional interaction. Consistent with this interpretation, FeAO in F shows a more substantial H 2 O͞D 2 O frequency shift (24, 54) and the oxo oxygen is more readily exchanged with solvent water (23) . The hydrogen-bonding change at the FeAO moiety in F relative to P (1998) will affect both the optical properties of the heme chromophore and the vibrational properties of the HisOFe IV AO structure (50, (55) (56) (57) (58) (Table 1) . Variation in the basicity of the proximal histidine is also a likely contributor to the optical and vibrational differences between the two intermediates. Earlier model compound work has shown that the Fe IV AO bond strength is a sensitive function of proximal basicity (56) ; the vibrational frequency decreases as the ligand becomes more electron donating to the Fe IV AO center. For the peroxidase class of the enzymes, communication between the distal pocket and the proximal environment is well established in the phenomena that are characterized as heme-linked ionisation (57) . A similar mechanism may well function in CcO to communicate events in the distal site to the proximal ligand. Both hydrogen-bonding differences and variation in proximal ligand basicity may contribute to the P͞F disparity in FeAO ; each of these effects also will selectively modify the optical properties of the two intermediates. The analysis above indicates that there are significant difference in the structures and local interactions of the P and F intermediates and that these are likely to modulate their optical properties substantially. Thus, the difference in the visible absorption spectra of P and F provides a weak basis for inferring that they cannot each have Fe IV AO structures; rather we conclude that the weight of data is consistent with their assignment as oxoferryl species. Moreover, formulation of P as an Fe I V AO-containing intermediate invokes OOO cleavage as the irreversible step in oxidase catalysis, which is attractive from both thermodynamic and kinetic points of view. With these structures and the additional proposal of the Cu B 2ϩ OHis240OTyr244• species in P, we have a good basis on which to construct mechanisms for proton pumping. The model presented in Fig. 5 , its extension to the reduction of O 2 to water by the fully reduced CcO, and considerations of molecular intermediates in the pumping cycle provide specific structural species that are accessible to experimental tests.
